CO 3 exhibited preferable properties which had completely phase transformation, Vickers hardness of 12 GPa and the flexure strength of 400 MPa at a lower temperature of 1550°C. The results also showed that ZrO 2 had good ability in absorbing microwave and Li 2 CO 3 could promote the densification. Scanning microscopy micrographs revealed the phenomenon of crack deflection, debonding and pull-out of ¢-Si 3 N 4 grains.
Introduction
Si 3 N 4 is considered as one of the promising ceramic materials having excellent mechanical, wear resistance and thermal properties which has been widely used in high-temperature gas filter, heat insulators, catalyst supports among others. 1),2) Silicon nitride ceramics have been fabricated by numerous techniques, including reaction bonding, gas pressure sintering, hot pressing, pressureless sintering, hot isostatic pressing, and spark plasma sintering.
3),4) However, Si 3 N 4 is difficult to densify by solid state sintering due to its high degree of covalent bonding and it needs some additives, such as yttrium oxide (Y 2 O 3 ) and alumina (Al 2 O 3 ) to facilitates densification and improve grain growth. 5) Microwave sintering is a fast sintering technology which has applied to the silicon nitride ceramics due to the its advantages over conventional sintering techniques such as short sintering time, relatively low sintering temperature and ability of forming special microstructure. 6)11) Many studies have reported microwave sintering of Si 3 N 4 about the Vickers hardness, fracture toughness, the extent of phase transformation from ¡-Si 3 N 4 to ¢-Si 3 N 4 . Many studies had reported that the completely phase transformation from ¡-Si 3 N 4 to ¢-Si 3 N 4 was obtained at a low temperature and microwave sintered samples exhibited better mechanical properties compared to conventionally sintered samples. 12), 13) The purpose of this research was to fabricate ceramics of Si 3 N 4 by 2.45 Hz microwave energy with Y 2 O 3 , Al 2 O 3 , ZrO 2 and Li 2 CO 3 as sintering additives. We studied the function of different additives in the sintering system. The X-ray diffusion analysis, Scanning Electron Microscopy microstructure analysis and other properties such as flexural strength, Vickers hardness and the relative density were presented.
Experimental procedure 2.1 Materials
The starting materials were ¡-Si 3 N 4 (purity >99.9%, average particle size of 0.8¯m, Shanghai Shuitian technology co., LTD, Shanghai, China), Y 2 O 3 (purity >99%, Ganzhou Jin Chengyuan new materials co., LTD, Jiangxi, China) and Al 2 O 3 (purity >99.8%, average particle size of 1.5¯m), ZrO 2 (3 mol.% Y 2 O 3 stabilized ZrO 2 ) and Li 2 CO 3 (purity >99%, Kermel co., LTD, Tianjin, China). The polyvinyl alcohol (PVA) acted as binder.
Fabrication procedures
The starting powders with ¡-Si 3 N 4 , Y 2 O 3 , Al 2 O 3 , ZrO 2 and Li 2 CO 3 were mixed in a certain ratio according to the Table 1 and then ball-milled in alcohol for 12 h using ZrO 2 balls. The powder mixture was dried and then ground. Every four grams of sieved powder was pressed into rectangular bars with dimensions of 45 mm © 8 mm © 6 mm at 300 MPa. The bars were firstly heated at 600°C in air with a heating rate of 5°C/min for 3 h to burn out the PVA. Si 3 N 4 was carried out in a 2.45 GHz, 3 kW microwave furnace (HAMilab-V, SYNOTHERM. Changsha, China). SiC plates acted as a preheater to help absorb microwave energy at low temperature, because Si 3 N 4 is a poor coupler at room temperature. The samples were sintered at 1550°C for 30 min in the nitrogen atmosphere. The heating rate was 25°C/min and the cooling rate was 10°C/min.
Characterizations
The flexural strength was measured via a three point bending test with the support distance of 30 mm and a cross-head speed of 0.5 mm/min, using Electromechanical Universal Testing Machine (CMT5504, MTS SYSTEMS, co., LTD, China). Hardness was determined by Vickers indentation under a load of 78.4N for 15 S. The bulk density was measured by the Archimedes method. Sintered specimens for microstructural analysis were Figure 1 showed the mechanical properties of sintered samples with different additives at 1550°C for 30 min through microwave sintering. The figure showed that 14) and Li 2 CO 3 could accelerate the densification.
Results and discussion
13) The other experiment that 8090 wt % Si 3 N 4 and 10 20 wt % additives of Y 2 O 3 , Al 2 O 3 were used indicated that the maximum flexure strength was about 100 MPa and the maximum relative density was about 65%. It proved that ZrO 2 and Li 2 CO 3 had the good ability to accelerate the sintering of Si 3 N 4 ceramic. Figs. 3(c) and 3(d) sintered at 1550°C for 30 min. The microstructure showed the compact structure and large pores distributed uniformly, which was due to the shrinkage caused by relatively large sintering. The phenomenon of densification was caused by the addition of ZrO 2 which could absorb microwave energy. There were many large pores inside the sample and the ¢-Si 3 N 4 grew in it, which resulted in the low flexure strength.
It could be seen the SEM micrographs of surface which were etched in molten NaOH for 5 min of Si 3 N 4 Y 2 O 3 Al 2 O 3 ZrO 2 Li 2 CO 3 system in Figure 4 . The micrographs showed the high aspect-ratio ¢-Si 3 N 4 and the ¢-Si 3 N 4 grains cross each other, which resulted in the net structure. The ¢-Si 3 N 4 grains grew well and there were no residual glass phase and other phase after etched, which meant that the phase transformation was complete. It could be concluded that the most important factor was the volumetric heating of microwaves and the addition of ZrO 2 and system revealed the high aspect-ratio of ¢-Si 3 N 4 grains, which facilitated the phenomenon of crack deflection, debonding and pull-out of ¢-Si 3 N 4 grains during the fracture process. 
Conclusions

